The performance of over 5000 students in introductory calculus-based mechanics courses at the Georgia Institute of Technology was assessed using the Force Concept Inventory (FCI). Results from two different curricula were compared: a traditional mechanics curriculum and the Matter & Interactions (M&I) curriculum. Post-instruction FCI averages were significantly higher for the traditional curriculum than for the M&I curriculum; the differences between curricula persist after accounting for factors such as pre-instruction FCI scores, grade point averages, and SAT scores. FCI performance on categories of items organized by concepts was also compared; traditional averages were significantly higher in each concept. We examined differences in student preparation between the curricula and found that the relative fraction of homework and lecture topics devoted to FCI force and motion concepts correlated with the observed performance differences. Limitations of concept inventories as instruments for evaluating curricular reforms are discussed.
ison including which topics to select for comparison and the alignment of the inventory with the goals and content of the curricularly reformed course.
At the Georgia Institute of Technology (Georgia Tech, GT), we have used a concept inventory to evaluate student understanding of force and motion in both a traditionally sequenced introductory calculus-based mechanics course 15 and an introductory calculus-based mechanics course using the reform curriculum, Matter & Interactions (M&I). 7 While both courses employ similar pedagogical best practices, M&I differs from the traditional curriculum in its focus on the generality of fundamental physical principles, the introduction of microscopic models of matter, and its coherence in linking different domains of physics.
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In particular, M&I revises the learning progression of the first semester introductory mechanics course by reorganizing and augmenting the traditional sequence of topics. For example, early emphasis is placed on the impulse-momentum theorem (referred to as the "momentum principle" in the M&I curriculum), ∆ p = F ∆t, with iterative application of the momentum principle over short time steps to predict motion by means of both analytic calculation and numerical computation. 18, 19 Furthermore, M&I introduces non-constant forces early on to demonstrate the predictive power of this principle. By contrast, in a traditional curriculum, early emphasis is placed on study of the kinematics of special case situations (e.g., motion under constant acceleration) without explicit discussion of dynamics. Further discussion of differences between the M&I curriculum and a traditional curriculum can be found elsewhere.
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At present, there is no mechanics concept inventory whose force and motion content has been explicitly aligned with goals and content in both courses both traditional and M&I mechanics reform. (By contrast, there is at least one concept inventory that is aligned with both traditional and M&I electromagnetism. 14, 20 ) Under these circumstances, we chose the Force Concept Inventory (FCI) to make a comparative evaluation both because it is widely used and because of anecdotal evidence of underperformance on the FCI in courses using M&I mechanics at other institutions. The FCI was designed to probe performance on force and motion in a particular way; within the context of specific situations, FCI questions were designed to draw out common misconceptions and naive notions about force and motion. 6 As a result, a measurement of performance using the FCI does not provide a comprehensive picture of student understanding of force and motion; the nuances of interpreting student performance on the FCI have been well-documented. [21] [22] [23] [24] [25] Furthermore, the FCI was not specifically developed to compare student performance between courses, but has been used for this purpose. 26 Thus, to emphasize the idea the FCI probes force and motion in a restricted way, we indicate, in this paper, the content of and concepts covered by the FCI as FCI force and motion concepts. 27 Moreover, we qualify all of our comparative measures with the understanding that the FCI was designed in the context of a traditional sequenced curriculum before the M&I curriculum came into existence.
The description of our study is presented below as follows: In Sec. II, we describe the organizational structure of the Georgia Tech mechanics courses. Sec. III summarizes the results of the in-class testing. In Sec. IV, we present an analysis of FCI performance by individual item and concept. Sec. V examines possible reasons for performance differences observed in Secs. III and IV. In Sec. VI, we provide more insight into the performance differences, make concluding remarks, and outline possible future research directions. Moreover, in those sections where data are available, the average FCI score I for N I students entering the course are indicated. N m is the number of students in a given section who took the FCI both at the beginning and at the end (i.e., matched data) of their mechanics course. The typical introductory mechanics course at Georgia Tech is taught with three onehour lectures per week in large lecture sections (150 to 250 students per section) and three hours per week in small group (20 student) laboratories and/or recitations. Attendance of lecture sections is optional but encouraged through a small incentive (2-5% of course grade).
II. INTRODUCTORY MECHANICS AT GEORGIA TECH
Attendance of laboratory and recitation sections is mandatory. In the traditional (TRAD) curriculum, each student attends a two-hour laboratory and, in a separate room, a one-hour recitation each week. 28 In the M&I curriculum, students meets once per week with teaching assistants for a single three-hour laboratory/recitation session involving both lab activities substantially so (e.g., T12, T13 and T20). M&I students took both the pre-and post-test during their required laboratory section. Students of the traditional curriculum typically took the pre-test during the first lecture or lab section. Traditional students were asked to attend an optional section during their evening testing period to take the post-test. Students become busy with other coursework near the end of the semester, hence fewer traditional students attended this optional evening section. In each section, only those N m students who took the FCI both on entering and on completion of the course are considered for the purposes of computing any type of gain (Sec. III). The FCI was administered using the same time limit (30 minutes) for both traditional and M&I students. M&I students were given no incentives for taking the FCI; they were asked to take the exam seriously and told that the score on the FCI would not affect their grade in the course. Traditional students taking the FCI were given bonus credit worth up to a maximum of 0.5% of their final course score, depending in part on their performance on the FCI. This incentive difference between the two curricula has no bearing on the performance differences we observe in our data (Sec.
V).
III. SUMMARY OF MEASUREMENTS FROM IN-CLASS TESTING
The FCI pre-test scores for Matter & Interactions (M&I) and traditional students did not differ significantly (mean FCI score, 48.9% for TRAD vs. 47.4% for M&I). By contrast, on the FCI post-test, traditional students significantly outperformed M&I students (mean FCI score, 71.3% for TRAD vs. 59.3% for M&I). In Fig. 1 , these mean scores have been reported with 95% confidence intervals estimated from the t-statistic for each distribution. with an average incoming fractional FCI score of I. For the gains reported in Fig. 2, 95% confidence intervals have been estimated from the t-statistic for the distributions of G and g. The data are shown for N m students (Table I) .
FCI pre-test score distributions were found to be statistically indistinguishable between the two curricula, which is evident from Fig. 3(a) . By contrast, distributions of post-test FCI scores were dissimilar; the traditional distribution was shifted towards higher scores ( Fig.   3(b) ). This is consistent with the finding that the mean score achieved by traditional students were higher than their M&I peers on the post-test (Fig. 1) . Because the distributions of FCI pre-and post-test scores were non-normal, the similarity of the distributions was compared course is measured using (a) the average raw gain G and (b) the average normalized gain g. Only students with matched scores were used for this figure (see Table I ). The error bounds represent the 95% confidence intervals (estimated from the t-statistic) on the estimate of (a) the raw gain and (b) the normalized gain.
using a rank-sum test.
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An examination of measures of student performance entering each course suggests that the incoming and outgoing student populations of both curricula were identical. We obtained and examined students' grade point averages (GPA) upon entering the mechanics course, SAT Reasoning Test (SAT) scores, and the grades earned in the mechanics course; we found no significant difference in the distributions of any of these metrics using a rank-sum test.
Mean scores differed between one or more sections within a given curriculum as measured by a Kruskal-Wallis test. 31 Given this section effect, we compared the three lowest performing higher for the M&I subset while post-test scores were higher for the traditional subset. Thus normalized gains achieved by traditional students in this subset were higher.
IV. ITEM ANALYSIS OF FCI MEASUREMENTS
Student performance on individual questions or groups of questions was used to determine on which FCI force and motion concepts students in the traditional curriculum outperformed M&I students. Questions on the FCI were sorted into concept categories using Hestenes'
original conceptual dimensions, 6 but we required that each question be placed in only one category. In our work only five concept categories were used: Kinematics, Newton's 1st
Law, Newton's 2nd Law, Newton's 3rd Law, and Force Identification. The first four of these categories were identical to Hestenes' dimensions and Force Identification was a renamed category which contained questions from Hestenes' Kinds of Forces dimension. In Fig. 4 the items that comprise each category are listed. Note that this was an a priori categorization based on our judgment of the concepts covered by the items; it is not the result of internal correlations or factor analysis based on student data.
We used the normalized gain in performance on a per question basis to quantify item performance. We define an item gain,
where f pre,i and f post,i are the fraction of students responding correctly to the i th item on the pre-and post-test respectively. This measure normalizes the gain in performance on a single item by the largest possible gain given the students' pre-test performance on that item; g i is essentially the Hake gain for a single item. To discern which questions have large item gains, we can compare g i for each question to the mean item gain,
where N is the number of items on the FCI.
To illustrate the differences between curricula succinctly, we computed difference in normalized item gains between the two curricula. We define the difference in normalized item gain, are the normalized gain for the i th item achieved by traditional and M&I students respectively. We discovered on which questions students' item gains in each curricula differed the most by comparing ∆g i for each item to the mean difference in the item gains between curricula,
The plot of ∆g i illustrates better performance by traditional students across all concepts on the FCI (Fig. 4) . We observed that ∆g i is positive for almost all questions, and 45%
of the questions had values of ∆g i greater than ∆g = 0.238. The grouping of the FCI questions by category permits one to visualize which concepts contributed most strongly to the difference in performance. For example, the difference in performance on the Force
Identification concept was striking, where 5 of the 7 questions in this category had ∆g i > ∆g.
Moreover, this grouping helps one to determine on which concepts differences in item gains were greatest. We computed the difference in the average concept gain,
where N c is the number of items covering concept c. Concepts with higher ∆g c were those on which traditional students achieved higher normalized gains than M&I students. The
Kinematics and Force Identification concepts had the highest values of ∆g c (shown in Table   II ). By contrast, we found ∆g c for Newton's 1st Law which was well below ∆g. The remaining two concepts had values of ∆g c slightly below ∆g.
V. CONTRIBUTIONS TO THE PERFORMANCE DIFFERENCES
We turn now to the examination of factors that might contribute to higher FCI posttest scores by traditional students, including grade incentives, differences in pedagogy, and differences in instruction (e.g., homework and lecture topics).
The incentive given to traditional students to take the FCI was too small to account for the marked differences in performance indicated in Figs. 1 During this term, we found the performance differences for M&I and traditional students were similar to those reported in this paper. FCI data from fall 2009 was not included in this paper because instructional changes had been made to the M&I course; M&I sections M1-M5 had similar homework exercises, lectures, and laboratories.
The performance differences cannot be attributed to differences in pedagogy. It is wellknown that using interactive engagement (i.e., "clicker" questions, ConceptTests, Peer Instruction, etc.) can improve students' conceptual understanding in introductory and advanced courses. 26, 33, 34 However, all sections (both traditional and M&I) were largely indistinguishable with respect to interactive engagement: all sections used similar methods ("clicker" questions) with similar intensity (3-6 "clicker" questions per lecture period).
We examined whether differences in coursework (homework) could be connected to performance differences on the FCI. We categorized the 575 traditional homework questions and the 756 M&I homework questions. Questions were placed into one or more categories depending on the topical nature of the problem and the principles needed to answer the question. Categories included the five FCI force and motion concepts discussed in Sec. IV as well as several other concepts which do not appear on the FCI (e.g., Angular Momentum). The Kinematics category included questions about the relationships between position, velocity, and acceleration that did not refer to the underlying dynamical interactions that cause changes in these quantities. Questions in the Newton's 1st Law category included qualitative questions which discussed the direction of motion and its relationship to applied forces. The Newton's 2nd Law category included questions with a heavy emphasis on contact forces and resolving unknown forces, but excluded open-ended questions in which the prediction of future motion is the goal (e.g., using iterative methods to predict the motion of an object). Questions in the Newton's 3rd Law category included questions in which New- ton's 3rd law was treated as an isolated law, that is, where there was no reference to the underlying reciprocity of long range electric interactions which causes it. Generally, it was applied to contact forces and gravitational interactions. The Force Identification category included questions in which the direction and relative strength of forces acting on a body or set of bodies were represented by diagrams (i.e., force-body diagram). The aforementioned categories represent those concepts that are covered extensively in the first half of a traditional physics course and were heavily represented on the FCI.
The difference in the relative fraction of homework questions covering FCI force and motion concepts between the curricula (Table III) reflect the overall performance differences observed in Figs. 1 -3 . Furthermore, the differences in the relative fractions of homework questions corresponding to individual FCI concepts were consistent with the results from our item analysis (Fig. 4) . The relative fraction of homework questions was computed by first categorizing questions, then counting the number of questions covering the concepts of interest and dividing by the total number of homework questions given in a curriculum. The relative fraction of homework questions covering FCI force and motion concepts differed by more than a factor of 2 in favor of the traditional curriculum. On individual FCI concepts, we found a lower relative fraction of homework questions in the M&I curriculum compared to the traditional curriculum on four of the five concepts: Kinematics, Newton's 2nd Law, Newton's 3rd Law, and Force Identification. On most FCI questions about these concepts traditional students outperformed M&I students (Sec. IV & Fig. 4) . We found that the relative fraction of Newton's 1st Law questions were similar. This signature was also observed in our item analysis (Fig. 4) ; the Newton's 1st Law FCI concept had the smallest ∆g c (Sec.IV).
The difference in the relative fraction of force and motion lectures/readings between the curricula (Table IV) was consistent with the overall performance differences observed in (Table   III) . However, the differences in the relative fractions of lectures/readings corresponding to individual FCI concepts showed mixed results when compared to our item analysis (Fig. 4) .
The relative fractions for three of five concepts were greater for the traditional curriculum:
Kinematics, Newton's 3rd Law, and Force Identification. But on two concepts, the relative fractions of lectures/readings were roughly similar: Newton's 1st Law and Newton's 2nd
Law. Lecture and reading topics were examined and categorized for each curriculum using the same categories as our homework question analysis.
VI. CLOSING REMARKS AND LESSONS LEARNED
We have found that students who completed an introductory mechanics course which employs the Matter & Interactions curriculum earned lower post-test FCI scores than students who took a traditionally sequenced curriculum. The differences in performance were significant and were supported by the number of students involved in the measurement. We demonstrated that these differences cannot be explained by differences in the incoming or outgoing population of students between the courses (i.e., SAT scores, GPA, etc.). The overall performance differences between the curricula on the post-test were consistent with the amount of instruction within each curriculum. The relative fraction of FCI force and motion concepts that appeared on students' homework and in their lectures was roughly twice as large for the traditional curriculum (Tables III & IV) . We observed this signature in the differences of the means and distributions of FCI scores (Fig. 1, 2, & 3(b) ) as well as the average item gain (Eqn. 2). The average item gain for traditional students was roughly twice as large when compared to M&I students (Sec. IV). Furthermore, we found that traditional students outperformed M&I students across all subtopics on the FCI (Fig.   4 ) and that these differences were consistent with the amount of instruction on individual FCI force and motion concepts that appeared on students' homework (Table III) .
These results indicate the challanges that arise when concept inventories are used to make comparative evaluations of curricular course reforms; such challenges, it should be emphasized, do not typically arise when concept inventories are used to evaluate pedagogical reforms, which often do not affect core course content. There are at least two considerations that must be kept explictly in mind for the case of curricular reform. First, sensible comparison between courses with and without reform can be made only on content that is present both in courses. Comparing student performance on curricular materials exclusive to one or the other course (e.g., computation in the case of M&I mechanics) makes little sense. Substantial content on force and motion is found in both traditional and M&I curricula; however, as was mentioned in Sec. I, the specifics of force and motion content differ substantially between the two curricula. Second, the composition of the evaluation instrument itself represents a particular selection of content and goals. Ideally, for a comparative evaluation, the content in the instrument should be aligned with content present in both courses (with and without reform) under study; moreover, the goals evaluated by the instrument should be clearly connected to the learning goals of both courses. Our results support the idea that the content of the FCI is more closely aligned with the content of traditional courses than with M&I mechanics content, thereby posing significant barriers to interpreting the meaning of FCI performance differences between traditional and M&I courses. We emphasize that these difficulties were not present in earlier work by some of us that used a concept inventory (the Brief Electricity and Magnetism Assessment (BEMA)) to evaluate comparatively traditional and M&I curricula for introductory electromagnetism. 14 In the earlier work, comparisons were made based on similar electromagnetism content present (in approximately equal measure) in both courses; moreover, the instrument used was carefully constructed to align with the minimal subset of content and goals in all courses.
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Notwithstanding its use to evaluate comparatively different curricula, data from the FCI might be used to adjust the content and goals of a given curriculum. For example, if faced with FCI performance similar to that reported here, M&I mechanics course instructors may make the (reasonable) decision that students should have more practice with qualitative questions on topics covered by FCI. In recent terms, we have made small modifications to the M&I curriculum by adding some homework problems and lab activities that are more aligned with the scope of the FCI. As a consequence we have observed small improvements to the FCI scores of M&I students. We have not made a systematic study of which modifications to the M&I curriculum are most effective for improving student performance on the FCI.
The main purpose of an evaluation tool is to help answer the questions: Is the reform doing any good and, if so, is the good worth it? When the reform is curricular, concept inventories may be used to answer these questions when content and goals are shared by both curricula (with and without reform) with approximately equal intensity. 14 In the absence of this alignment, concept inventories might be used to give some insight into whether anything is "lost" with respect to overlaping content and goals. However, concept inventories (used to make comparisons) fail to measure what are perhaps the most interesting aspects of reform:
the non-overlapping content and goals that are simply not present in courses without reform.
In the case of M&I mechanics, examples of non-overlapping material includes both new goals (e.g., relating macroscopic physics to microscopic models) 16 and new content (e.g., computation). 18 There is a need to develop tools to help weigh the gains of a particular reform, so that instructors faced with multiple curricular choices can make informed decisions about which concepts, principles, and methods should be included or excluded, emphasized or de-emphasized during the finite time available to them to teach the course.
